We report the field emission (FE) properties of Cu coated vertically aligned carbon nanotubes (VACNTs) before and after oxidation. The current density was found to be the maximum (20 mA/cm 2 ) for 3 nm thick Cu coated VACNTs after oxidation. The variation in conventionally monitored parameters like work function and field enhancement factor does not explain the experimentally determined FE current density. A critical analysis of the electronic structure reveals the importance of presence of Cu2O at the interface of CuO and VACNTs, which in turn controls the current density of these films. The highly enhanced FE current density of 3 nm Cu coated
Introduction
Carbon nanotubes [1] (CNTs) are one of the most important nanomaterials for science and technology applications due to their intriguing properties like good electrical and thermal conductivities [2, 3] , high mechanical stiffness [4] , chemical inertness [5] and high aspect ratio [6] . These properties made CNTs to be useful in nano-electronics [7] , field emission electron sources [8] , high strength composites [9] , storage devices [10] , sensors [11] , bio-medical applications [12] etc. CNTs are considered to be efficient field emitters due to their high aspect ratio, nanoscale tip, good electrical conductivity and high chemical stability. There is a great demand for replacing thermionic emission based conventional electron sources due to high power consumption and emitter deterioration caused by long term heating. Although, CNTs are the potential field emitters in terms of high field emission current and relatively low turn-on and threshold fields, there are some issues, such as poor adhesion and high contact resistance at the CNT-substrate interface, large field screening among adjacent emitters, ion bombardment at the CNT tips, poor emission stability and necessity of high cost and complex equipment for the synthesis and processing, which need to be addressed.
Various approaches have been employed to address the aforementioned issues and optimize the field emission (FE) properties of CNTs using pre/post CNT synthesis treatments. For example; (i) employing an interlayer between the substrate and CNTs, to get good adhesion and reduced contact resistance between CNTs and substrate [13] , (ii) catalyst patterned substrates to reduce the field screening among adjacent emitters [14, 15] , (iii) nanoparticle coating of a low work function metal/compound/wide band gap material, which may reduce the tunneling barrier for emitting electrons by changing the electronic structure and may also increase the number of emission sites [16] [17] [18] , (iv) plasma treatment to remove the amorphous carbon present at the tips, modify the tip surface and create more surface electron states by creating defects [19] [20] [21] , (v) doping through functionalization to reduce the work function, increase the electrical conductivity and emitter site density [22] and (vi) CNT carpet to get highly protruded emitters with high enhancement factor and their electrically good contact with the substrate [23] .
Generally, the field emission properties are governed by Fowler-Nordheim theory [24] and field emission current density (J) is expressed as:
where, A (1.544×10 -6 AeVV -2 ), B (6.83×10 9 eV -3/2 Vm -1 ) are constants, β is a local field enhancement factor at the emitter tip, E is an applied electric field, and ϕ is the work function of a material.
Here, FE current density (J) depends on β and ϕ exponentially, J increases when β increases or/and ϕ decreases. There are certain approaches reported to tune/optimize these two parameters to achieve the superior field emission properties. To increase β, (i) pattern growth of CNT emitters [14, 15] ; and (ii) coating of high dielectric constant material along the tubes to avoid field screening between adjacent/neighboring tubes [17] have been discussed. To decrease ϕ, (i) coating of low work function material on CNTs including metals (Cs, Hf) [16, 25] , metal-oxides (MgO, ZnO, BaSrO) [18, 26, 27] , and other compound materials (LaB6, STO, BN) [15, 17, 28] ; and also, (ii) doping/functionalization of (Cs, Li) [29, 30] have been discussed. Majority of these studies monitor the changes in the work function, field enhancement factor and structural aspects to explain the observed field emission properties and have not studied the influence of electronic structure and metal-CNT interface on the field emission. For the first time, Cho et al. theoretically explained the modification of electronic structure of CNTs by metal coating through charge transfer and orbital hybridization [31] . Thereafter, a few studies reported influence of electronic structure on field emission properties, which emphasized the role of an increased density of states (DOS) near the Fermi level (0-10 eV) [32] [33] [34] , decreased work function and improved field enhancement factor [32, 33] and coating induced changes in hybridization from sp 2 to sp 3 -carbon [35, 36] . It is important to investigate the electronic structure and surface-interface properties of metal/metal oxide coated VACNT films since field emission is a surface property which depends not only on work function and density of states near the Fermi level but also on surface hybridization and bonding.
In the present work, we have studied Cu coated VACNTs before and after oxidation to understand the role of metal oxide-CNT interface on field emission properties. Cu is known to get oxidized in ambient conditions and its oxidation state can be tuned by oxidizing it at different temperatures.
Hence, it is likely to form different types of interfaces (Cu2O and/or CuO) with CNTs. In a recent work [37] , field emission study of CuO decorated amorphous-CNT has been reported. A current density of less than 1 mA/cm 2 at a field of 10 V/m has been obtained. The current density reported in this work is quite low and the role of oxide-CNT interface and electronic structure in tuning the field emission properties has not been addressed. In this work, on subsequent oxidation of Cu (3 nm) coated VACNTs, we were able to achieve a current density of the order of 20 mA/cm 2 at a field of 5 V/m. The results are explained on the basis of critical role played by the metal oxide-VACNT interface in tuning the field emission current density of this system.
Experimental details

Synthesis of Cu-VACNT films
The VACNT films have been synthesized on Si substrate (n-type: <100>) using thermal chemical vapor deposition technique by double zone horizontal furnace without using any carrier gas.
Details of the synthesis process are described in our earlier publications [36, 38] . These grown VACNT films are coated with Cu metal with two thicknesses (3 and 10 nm) using thermal evaporation technique at a base pressure of 5×10 -5 mbar. Subsequently, films were annealed in oxygen atmosphere at 250 °C. Details of all the films used in the present study and their nomenclature are given in Table 1 . The nomenclature given in the table is hereafter used in the subsequent text. The instrument was operated at 15 kV and 20 mA and the pass energy used for recording core level spectra was 20 eV. The work function is estimated for all films using Kelvin probe force microscopy (KPFM: Brukar, Dimension Icon).
Field emission studies
The FE measurements are performed in a high vacuum electrode system, connected in series to turbo molecular and rotary pumps. The base pressure during the measurement is 1×10 -7 mbar.
Here 
Results and discussion
The SEM images of A0 and B3 films are shown in Figs 2450 cm -1 due to defect induced strain in C=C bond along the tube as an asymmetry/shoulder of G-band towards higher wavenumber and overtone mode of LO phonon, respectively. The presence of defects along the tube and strain generated vibrations are other contributing factors to these. The peaks observed at the lower wavenumbers (<1000 cm -1 ) are due to various vibrations associated with oxides of Cu [39, 40] . The intensity ratio of D to G peaks (ID/IG) obtained for different films are shown in Table 2 . It is clear that there is no considerable change in ID/IG even after Cu coating and their successive oxidation on VACNT films. A little enhancement in intensity of 2D and D+D" bands is seen particularly for B3 film, which is likely due to improvement in the long-range order in the graphitic network and strain due to coating and oxidation.
The KPFM measurements are performed to find the work function of the films through surface potential/contact potential difference. The work function is estimated for all films using the equation [41] given by,
where 'e' is the electronic charge, 'VCPD' is the contact potential difference between CNT film and the metal tip, ϕTip and ϕSample are the work functions of the metal tip used and the CNT film,
respectively. The work function values are in the range of 4.4-4.8 eV for all films, which suggests that the work function is not affected significantly by Cu coating and is unlikely to play any role in the observed changes in field emission properties. Fig. (d) . The B3 film shows the highest current density (Fig (a) ; JMax=20 mA/cm 2 ). The linearity of F-N plots shows the field emission behavior of the VACNT emitters.
Field emission measurements are performed for all the films in a high vacuum chamber with electrodes in diode geometry. Figure 3 shows the field emission current density versus applied electric field (J-E) characteristics (Fig. 3(a) ) of all films, which is also plotted in semi-log format (Fig. 3 (b) ) for better clarity. The Fig. 3(c) shows the corresponding Fowler-Nordheim (F-N) plots of the films. FE properties such as turn-on (EON) and threshold (ETH) fields, local field enhancement factor (β-factor) and maximum emission current density at maximum applied electric field (JMax) are calculated for the films. The turn-on field, EON, defined as the applied electric field required to obtain the emission current density of 10 µA/cm 2 from emitters and for threshold field, ETH, it is 1 mA/cm 2 . The maximum current density (JMax) is calculated at an applied electric field of EMax=5 V/µm for all films. All the calculated FE parameters are presented in Table 2 . From Fig.   3 (a), it is clear that there is a slight improvement in emission current density after coating of 3 nm thick Cu metal on VACNT film (A3) but current density is significantly enhanced for the same upon its oxidation (B3). Apart from that, other FE parameters including turn-on and threshold fields are also improved for the B3 film. However, both A0 and A10 show decrease in current density upon oxidation. The local field enhancement factor (β-factor) is calculated for the films by considering the slope of the F-N plot as shown in Fig. 3(c) . In general, the β-factor can be expressed as:
where 'SFN' is the slope of the F-N plot.
In addition, it is observed that there is no one to one correspondance between JMax and β-factor.
From A0 to A3, there is a small enhancement in β-factor, whereas from A3 to B3 the β-factor decreases although JMax is maximum in this case. On the other hand, from A10 to B10, β-factor enhances but the JMax has dropped significantly. Therefore, based on the conventional field emission parameters and structural aspects, which generally explains the FE properties, we could not explain the observed variation in JMax values. Therefore, the correlation between observed variation of JMax and electronic structure of the films was investigated by XPS studies. Field emission temporal stability measurements have been performed for A0, A3 and B3 films at the constant applied electric field of 4.3 V/µm to test the films for electron source device application.
To assess the temporal stability of FE current density, fluctuation in current density (cf) is calculated using the following formula [34] ,
where 'x' is the average deviation from the mean current density ' ̅ '. The mean current density
and cf values are found to be 4.5 mA/cm 2 , 5.3 mA/cm 2 , 8.6 mA/cm 2 and 4.5%, 2.6%, 3.5%, respectively for A0, A3 and B3 films. Although, there is no much diffrerence in cf value of these films B3 film shows good temporal stability at relatively higher field emission current density than A0 and A3 films as shown in Fig. 3(d) . This indicates its potential to be used as an electron source in future vacuum microelectronic devices.
The XPS measurements of C 1s, Cu 2p core levels and valence band spectra have been recorded for the films before (denoted as A0, A3 and A10) and after oxidation (denoted as B0, B3 and B10).
The Fig. 6 shows C 1s spectra of all films. In our recent study on In coated VACNTs, we had discussed the significance of transformation of sp 2 -to sp 3 -carbons in enhancing the current density of the films [36] . Keeping it in mind, each C 1s spectrum is deconvoluted and comprises of five peaks that are ascribed to C=C, C-C, C-O, -O-C=O and a peak related to carbonates [42] . The peak areas are listed in has no correlation with the current densities of the films. prior to oxidation. The main peak R for the samples A3 and A10 is attributed to Cu2O. The binding energy of Cu 2p3/2 peak for Cu metal is also reported to be very close to that of Cu2O. However, we have attributed this peak to the presence of Cu2O as oxidation of Cu is inevitable since the films were exposed to ambient for a significant period of time. However, presence of a small fraction of Cu cannot be ruled out. To find the fraction of Cu2O and CuO in various films, the main peak was deconvoluted into two peaks as shown in Fig. 6 . The area ratio of CuO/Cu2O of deconvoluted peaks are presented in Table 4 . It is to be noted that the ratio of CuO to Cu2O is maximum for sample B3 for which the highest current density is obtained. The current density gets reduced as the fraction of Cu2O increases. From the above discussion, it is clear that prior to oxidation Cu2O is predominantly present on the surface of CNTs with some fraction of CuO. On oxidation, significant fraction of Cu2O gets converted into CuO modifying the interface between CNT and oxidized Cu species. [43] . The other region (5-8 eV) has a more pronounced O 2p character [44, 45] . The spectra of Cu coated VACNTs prior to oxidation resemble valence band spectra reported for Cu2O [46] . These show an appreciable increase in the DOS close to the Fermi level. A peak around 2.7 eV corresponds to Cu 3d states. The hump around 5 eV suggests that apart from Cu2O, a small fraction of CuO is also present. This is in agreement with the analysis of Cu 2p core level spectra of these films, discussed
above. An asymmetric feature located around 1.2 eV just below the Fermi level may be attributed to Cu 4sp states, which suggests presence of a small fraction of Cu [46] . However, the spectra do From Fig. 8(b) , it is clear that, due to the difference in bandgap, there is a large barrier for electron transportation at the interface of VACNT/Cu2O as compared to VACNT/CuO, which in turn reduces/affects the field emission properties of the VACNT/Cu2O films. The barrier height at VACNT/Cu2O interface (A3) is almost 1 eV higher than that of VACNT/CuO interface, which has resulted in more than 150% enhancement of JMax. In Table 5 , the field emission current densities of various metal oxide coated CNTs as reported in the literature are listed. It shows that the B3 film has the highest JMax value as compare to the reported metal-oxide coated CNTs. So, this oxidized Cu metal coated CNT can be a potential field emitter to replace conventional electron sources in vacuum microelectronic devices upon further optimization.
Conclusions
The present study reports field emission properties of Cu coated VACNTs. The current density was found to be the maximum for 3 nm thick Cu coated VACNTs after oxidation. The study highlights the importance of studying the electronic structure in order to understand and optimize the field emission properties. A critical analysis of the interface between Cu species and VACNTs through photoemission studies has led us to the importance of presence of Cu2O at the interface of CuO and VACNTs, which in turn controls the current density of these films. The improved field emission properties of this film (3 nm thick Cu coated VACNTs after oxidation) are attributed to the presence of CuO at VACNTs which has itinerant electrons near the Fermi level due to its open shell structure and also having a small barrier at the CuO-CNT interface unlike in the case of Cu2O for unoxidized counterparts which has a closed shell structure with relatively large barrier at its interface with CNT.
